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https://doi.orThe conventional two-dimensional (2D) in vitro culture system is frequently used to analyze the gene expression with
or without extracellular signals. However, the cells derived from primary culture and cell lines frequently deviate the
gene expression proﬁle compared to the corresponding in vivo samples, which sometimes misleads the actual gene
regulation in vivo. To overcome this gap, we developed the comparative 2D and 3D in vitro culture systems and applied
them to the genetic study of amelogenesis imperfecta (AI) as a model. Recently, we found speciﬁcity protein 6 (Sp6)
mutation in an autosomal-recessive AI rat that was previously named AMI. We constructed 3D structure of ARE-B30 cells
(AMI-derived rat dental epithelial cells) or G5 (control wild type cells) combined with RPC-C2A cells (rat pulp cell line)
separated by the collagen membrane, while in 2D structure, ARE-B30 or G5 was cultured with or without the collagen
membrane. Comparative analysis of amelogenesis-related gene expression in ARE-B30 and G5 using our 2D and 3D
in vitro systems revealed distinct expression proﬁles, showing the causative outcomes. Bone morphogenetic protein 2
and follistatin were reciprocally expressed in G5, but not in ARE-B30 cells. All-or-none expression of amelotin, kalli-
krein-related peptidase 4, and nerve growth factor receptor was observed in both cell types. In conclusion, our in vitro
culture systems detected the phenotypical differences in the expression of the stage-speciﬁc amelogenesis-related genes.
Parallel analysis with 2D and 3D culture systems may provide a platform to understand the molecular basis for defective
amelogenesis caused by Sp6 mutation. 2017, The Society for Biotechnology, Japan. All rights reserved.[Key words: Amelogenesis imperfecta; Cellecell interaction; Cellematrix interaction; Dental epithelial cell; Genetic disease; In vitro amelogenesis
imperfecta model; Phenotypic screening; Sp6]An in vitro cell culture system is frequently utilized to under-
stand the molecular mechanism of the biological events in vivo
such as cell growth, differentiation, or cell death (1). The advantage
of conventional 2D culture is simple and easy to manipulate cul-
tural conditions by controlling supplements or treatments. How-
ever, the disadvantage is unable to phenocopy morphological and
physiological status including gene expression in vivo (2,3). On the
other hand, several 3D culture systems have been reported using
combination of cellular distribution, extracellular contacts, speciﬁc
nutrient and growth factor additions by mimicking physiological
situation in vivo although their standardization remains to be
established (2,4). Based on these considerations, we developed the
comparative 2D and 3D in vitro culture systems and applied them to
the genetic study of amelogenesis imperfecta (AI) associated with
speciﬁcity protein 6 (Sp6 also known as epiproﬁn) mutation.
AI is a hereditary complex disorder, which exhibits defects in
enamel formation (5). Based on its structure and clinical appear-
ance AI is originally classiﬁed into the following ﬁve phenotypes:
hypoplastic, hypocalciﬁcation, hypomaturation, pigmented hypo-
maturation, and local hypoplasia (5,6). Recent genetic studies on
AI-causative genes have revealed genotypeephenotype correla-
tions, and partly clariﬁed themechanisms involved in amelogenesising author. Tel./fax: þ81 88 633 7326.
ress: ntaka@tokushima-u.ac.jp (T. Noma).
e see front matter  2017, The Society for Biotechnology, Japan.
g/10.1016/j.jbiosc.2017.11.009(7). However, a comprehensive understanding about the entire
process of amelogenesis and the regulatory factors involved re-
mains to be achieved.
Amelogenesis is the process of enamel formation and mineral-
ization, and comprises the secretory, transition, maturation, and
post-maturation stages, concomitant with ameloblast differentia-
tion (7). At the initiation stage, dental epithelium (inner enamel
epithelium, IEE) and mesenchyme are separated by the basement
membrane. However, during the pre-secretory stage, odontoblasts
secrete a matrix composed mainly of type I collagen (pre-dentin),
which is followed by the degradation of the basement membrane
by matrix metallopeptidases (MMPs) (8,9). Consequently, the pre-
ameloblasts come in direct contact with the pre-dentin and the
odontoblasts, and differentiate into ameloblasts. The ameloblasts
deposit enamel matrix proteins including ameloblastin (Ambn),
enamelin (Enam), and amelogenin (Amel) during the secretory
stage. Mmp20, one of the enamel proteinases, is also secreted at
this stage (10). After passing through the transition stage, charac-
terized by reduced protein secretion and ameloblast remodeling,
the maturation stage (ﬁnal stage) is reached, wherein the enamel
matrix is replaced with mature enamel by matrix protein degra-
dation, ion transport, and complete crystallization of the enamel
(7,10,11). Kallikrein-related peptidase 4 (Klk4) and amelotin (Amtn)
are secreted during the transition and maturation stages (12,13).
Klk4, instead of Mmp20, further degrades the enamel matrixAll rights reserved.
FIG. 1. Cell morphology and design of the cell culture system. (A) Appearance of cells and the collagen membrane device. Bars indicate 0.25 mm for G5, ARE-B30, and RPC-C2A, and
1 cm for CM-6, respectively. (B) Design of the culture systems. The details are described in text.
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suggested to play a role in cellematrix attachment and mineral
nucleation in order to promote mineralization (7,15). Hence, a
simpliﬁed in vitro model system of amelogenesis is required to
analyze and understand the complex processes involved in AI.
AMI has been reported as a spontaneous AI rat model with
autosomal-recessive inheritance (16). Recently, we found AMI has a
2-base-insertional mutation in Sp6, resulting a truncation in the 3rd
zinc-ﬁnger domain of Sp6, which was genetically linked to AI
phenotype (17). According to the tissue distribution of Sp6mRNA in
teeth, hair follicles, embryonic limb buds, and adult lung (18,19),
Sp6-deﬁcient mice showed defective tooth morphogenesis and
development together with other systemic phenotypes (19,20). In
contrast, the Sp6-mutated AMI rat presented with enamel defects
only (17), making it a simpliﬁed model to study Sp6 function in
amelogenesis. To restore the AMI phenotype, we developed the Sp6
transgenic rat and mated it with an AMI rat. However, although
complete rescue of the AMI phenotype was not obtained, partial
morphological restoration in dental epithelial cells during tooth
development was effected (21). Hence, to understand the mecha-
nistic correlation between Sp6 mutation and AI, we established a
dental epithelial cell clone derived from AMI (ARE-B30), which was
used as an in vitro AI model (22).
Until now, we have reported several characteristics of the Sp6
gene and protein using the wild-type rat-derived control clone, G5
(23e25). Sp6 is composed of three exons, and is transcribed by two
promoters along with a potential third promoter in a cell type-
speciﬁc manner (24). The second Sp6 promoter is negativelyregulated by chicken ovalbumin upstream promoter transcription
factor-interacting protein 2 (Ctip2, also known as Bcl11b), a known
upstream regulator for Sp6 (26). Sp6 protein expression was
detected in the pre-ameloblast to maturation stages during ame-
logenesis by immunohistochemical analysis (27). Thereby, we have
proposed that Sp6 may play a dual role in ameloblast differentia-
tion. It negatively regulates follistatin (Fst) gene expression, which
inhibits the bone morphogenetic protein (BMP)-axis during
ameloblast differentiation (27), and positively regulates the
expression of Rho-associated coiled-coil containing protein kinase
1 (Rock1) gene (28), which is an important regulator of cell polarity
in amelogenesis (29). Sp6 is a short-lived protein regulated by a
proteasomal system in dental epithelial cells; hence, stabilization of
Sp6 is required for the normal functioning of these cells (25).
Collectively, our ﬁndings indicated that Sp6 function is tightly
regulated in a spatio-temporal manner.
In the present study, we aimed to analyze the molecular basis
for the genotype and phenotype correlation in an in vitro AI model
with Sp6mutation. Two-D and 3D culture systemswere established
in vitro to mimic the stages of amelogenesis that occur in vivo, and
the comparative phenotypic screening clearly revealed distinct
defective amelogenesis.
MATERIALS AND METHODS
Cell culture Rat dental epithelia-derived cells, G5 (23), and AI rat-derived
dental epithelial cells, ARE-B30 (22), were cultured in Dulbecco’s modiﬁed Eagle’s
TABLE 1. Sequences of primer sets for RT-PCR.
Gene Primer sequence (50 / 30) Product size (bp)
Sp6-WT CGGTCTGCAGCCGTGTC
ACATCCATGGGGCTCAGTTG
195
Sp6-AMI GGTCTGCAGCCGTGTGTC
ACATCCATGGGGCTCAGTTG
196
Cdh1 CGTGATGAAGGTCTCAGCC
ATGGGGGCTTCATTCACGTC
615
Bmp2 TGAACACAGCTGGTCTCAGG
GCTAAGCTCAGTGGGGACAC
343
Fst TTTTCTGTCCACCGGCAGCTCCAC
GCAAGATCCGGAGTGCTTCACT
437
Ngfr TGTGTGAAGAGTGCCCAGAG
TCCACAGAGATGCCACTGTC
496
Mmp20 TGTGGAGTTCCTGATGTGGC
TGATGGGTCTGTGGAATGGC
426
Klk4 CTTCTTTTGCCAACGACCTC
TTGTCTGAATGGTGGTCCAG
429
Amtn CCTCCTTATCCACCCCTTG
CCAACTGTGATGTGGTTTGC
296
18s rRNA TACCTGGTTGATCCTGCCAGTAGGAT
CCCGTCGGCATGTATTAGCTCTAGAA
185
VOL. 125, 2018 IN VITRO MODELING OF AMELOGENESIS 481medium/Hams’F12 medium (D/F12; Nissui, Tokyo, Japan) supplemented with 10%
fetal bovine serum (FBS; JRH Biosciences, Lanexa, KS, USA). Rat dental pulp cells,
RPC-C2A (30), were cultured in Eagle’s minimum essential medium (Nissui)
supplemented with 10% FBS. All cells were incubated at 37 C in 5% CO2
atmosphere, and passaged every three days. Cellular morphologies are shown in
Fig. 1A.
Two-D culture systems Two types of 2D culture systems were prepared. G5
or ARE-B30 was seeded on a 35 mm plastic culture dish (Corning Life Sciences,
Durham, NC, USA), or a collagen membrane (CM-6; Koken, Tokyo, Japan) (Fig. 1A).
CM-6 was used for the extracellular matrix (ECM). The small molecules less than
20 kDa can be passed through this membrane according to the product information.
Three-D culture systems using collagen type I membrane To establish an
in vitro 3D culture system, we modiﬁed the previously reported system (31) using
dental epithelial and dental pulp cell-lines derived from the same species (rat).
RPC-C2A cells, which endogenously express Bmp2 and Bmp4 mRNA and exhibit
mineralizing activity (32), were seeded onto one side of the CM-6 placed in a well
in a 6-well cell culture plate (Corning Life Sciences). After 12 h, the cells were
washed in PBS () to remove the non-attached cells. The CM-6 was reversed and
placed into another well of a 6-well plate; G5 or ARE-B30 cells was then seeded
onto this side of the CM-6 and cultured for 5 h. The membrane was washed in
PBS () to remove the non-attached cells. Finally, the CM-6 was transferred to a
new plate, fresh mediumwas added, and the culturing process was started (time 0).
The 3D culture system was maintained with two different volumes of culture
medium. First, the culturemedium for the RPC-C2A cells was added into each well of
the culture plate, while themedia for the G5 or ARE-B30 cells were added separately
into the CM-6 device (separated medium). Second, the culture medium was added
into the well of the culture plate until it came in contact with the culture medium
inside the CM-6 device (mixed medium). The number of cells seeded was
6.0  105 cells/well, which reached 100% conﬂuency by day 1. The cells were
cultured in D/F12 medium with 10% FBS for 1e14 days. The culture medium was
changed every 2 days.
Effects of cell density G5 cells were seeded onto a 35 mm plastic dish at
3  104; 1  105; 3  105; 1  106 cells per dish corresponding to the conﬂuency of
the cells at 3%, 10%, 30% and 100%, respectively, at day 1. The cells were harvested for
RNA isolation at day 1, day 3, and day 5 after seeding. Culture media were changed
every 2 days.
Reverse transcription-polymerase chain reaction Total RNA was isolated
from each sample at the indicated time points using the TRI reagent (Molecular
Research Center, Cincinnati, OH, USA) and treated with DNase I (Invitrogen, Life
Technologies, Carlsbad, CA, USA) according to manufacturer’s protocols. Comple-
mentary DNA was obtained by reverse transcription using random primers and the
RNA PCR kit AMV (version 3.0; Takara Bio Inc., Otsu, Japan), according to the man-
ufacturer’s protocol. The mRNA levels of ameloblast differentiation marker genes
were analyzed by reverse transcription-polymerase chain reaction (RT-PCR) using
GoTaq DNA polymerase (Promega, Madison, WI, USA). PCR products were
detected by agarose gel electrophoresis. The gene-speciﬁc primer sets used in this
study are listed in Table 1. The expression level of each mRNA was normalized to
that of 18S rRNA.
Densitometric analysis Signals from the RT-PCR products were captured by
ChemiDoc XRS (Bio-Rad Laboratories, Segrate, Milan, Italy), and their intensities
were analyzed using a software application Quantity One (Bio-Rad). The relative
expression level of eachgenewas calculatedagainst thepositive control (denoted as1).Statistical analysis Student’s t-test was performed using the excel software
(Microsoft Excel 2010, Microsoft).RESULTS
Establishment of an in vitro culture system that mimics
amelogenesis in vivo Four different culture systems were pre-
pared (two for the 2Dand two for the 3D systems) as shown in Fig.1B.
In this study, we deﬁned 2D refers to the two components; epithelial
cells and matrix. Similarly, 3D refers to the three components;
epithelial cells, matrix, and mesenchymal cells, which mimics the
in vivo structure. The 2D culture systems comprised two types of
culture conditions; the ﬁrst system involved the culture of either
G5 or ARE-B30 on the conventional plastic dish (hereafter, plastic
culture), whereas in the second system, G5 or ARE-B30 were
cultured on the collagen membrane (hereafter, collagen culture).
For 3D culture systems, two different conditions were set up. To
examine the paracrine effects of mesenchymal cells through the
collagen membrane (less than 20 kDa molecules can be passed),
the third system involved the co-culture of either G5 or ARE-B30
with RPC-C2A on the collagen membrane in a separated medium
(hereafter, separated culture). The culture conditions in the fourth
system were similar to that of the third system, except for the
connection of the culture media between the epithelial side and
the mesenchymal side (hereafter, mixed culture). In the fourth
culture system, the soluble factor(s) derived from the mesenchymal
cells can be provided to the epithelial cells through the culture
medium, and the autocrine and paracrine effects of soluble
factor(s) from epithelial cells can be diluted (Fig. 1B).
Expression of regulatory molecules in epithelial cells during
amelogenesis Stage-speciﬁc biomarkers of ameloblasts in vivo
were used to recognize the progress in cellular differentiation cor-
responding to amelogenesis (Fig. 2A). The mRNA expression levels
of several ameloblast differentiation marker genes were analyzed
by semi-quantitative RT-PCR (Fig. 2BeD). The expression levels of
Sp6 and cadherin 1 (Cdh1, also known as E-cad), representing the
general markers of dental epithelial cells, were examined to
conﬁrm the basic characteristics of G5 and ARE-B30. As illustrated
in Fig. 2A, Sp6 mRNA expression has been detected predominantly
in the mouse dental epithelium during all stages of ameloblast
differentiation (18). We designed two speciﬁc primer sets, namely
Sp6WT and Sp6AMI, to evaluate the expression of wild- or mutant-
type Sp6. Similar levels of Sp6 mRNA expression were observed in
both G5 and ARE-B30 cells from day 1 to day 14 among all the
culture systems (Fig. 2B, a and b). In addition, Cdh1 expression
was examined during culture because previous studies have
reported the expression of this gene during all stages of
ameloblast differentiation (33). Both G5 and ARE-B30 expressed
Cdh1 with no gross changes among the culture systems and the
various time courses, conﬁrming that both cells had maintained
their epithelial identities (Fig. 2B).
Next, we analyzed the regulatory molecules of amelogenesis. As
seen in Fig. 2A, previous studies have demonstrated the reciprocal
expression patterns of Bmps and Fst during the initiation, secretory,
and transition stages, indicating the importance of BMP signaling in
amelogenesis (34,35).
In G5 cells, Bmp2 expression was maintained at a low level
during the 14 days of plastic culture (Fig. 2C, left panels), whereas
in the collagen culture, the levels were signiﬁcantly enhanced at
day 1, and maintained until day 14. However, both the 3D culture
systems demonstrated enhanced Bmp2 expression in a time-
dependent manner. At day 14, Bmp2 expression showed an
increasing trend in the mixed culture compared with the sepa-
rated culture, which maintained the same level as that on day 7. In
FIG. 2. mRNA expression in the epithelial cells under the various culture conditions. (A) Schematic representation of the stage-speciﬁc mRNA expression during ameloblast dif-
ferentiation in vivo. (a) The illustration of rat jaw and teeth (incisor and molars). Black, enamel; dark gray, dental epithelial cells; light gray, pulp. Black box indicates the area which
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opposite to that of the G5 cells in the 3D culture systems (Fig. 2C,
right panels). Although Bmp2 levels were enhanced and main-
tained in the collagen culture, they were found to decrease in a
time-dependent manner until day 7 in the 3D culture system.
Interestingly, at day 14, the expression levels had returned to
those seen on day 1. A similar pattern was observed in the sepa-
rated and mixed cultures. Taken together, these ﬁndings indicateenlarged illustration of ameloblast differentiation below. (b) Stage-speciﬁc mRNA expression
which each mRNAwas expressed as reported in previous studies (18,33e36,45,47,48). Gray a
(27,37,49). Dashed lines indicate auxiliary lines to connect the name of the gene with the c
expression levels of dental epithelial markers (Sp6 and Cdh1) in the G5 and ARE-B30 cells. (a
cells were cultured on plastic, collagen, separated medium, or mixed medium. Numbers in
Graphs show the relative levels of Sp6 expression by densitometric analysis. Sp6WT, Sp6 wit
bars, day 1; white bars, day 3; striped bars, day 7; gray bars, day 14. n ¼ 3. (C) mRNA expressi
analysis by RT-PCR. (b) Relative expression levels of Bmp2. (c) Relative expression levels of Fs
signiﬁcant differences in expression on day 1 versus days 3, 7, and 14 in each culture system.
and mixed cultures on day 1. p-value: *, y <0.05; **, yy <0.01; ***, yyy <0.001. (D) mRNA expres
G5 and ARE-B30 cells. (a) Gene expression analysis by RT-PCR. Graphs demonstrating relat
abbreviations are the same as indicated in panel B. Asterisks (*) indicate signiﬁcant difference
<0.001; **** <0.0001.the differences in responsiveness to 3D culture systems between
the G5 and ARE-B30 cells.
G5 cells expressed very limited amounts of Fst mRNA (Fig. 2C,
left panels). Expression levels were enhanced and maintained
during the ﬁrst 3 days on collagen; subsequently, a decrease in
levels was observed until day 14 among all the culture systems
(Fig. 2C, left panels). Conversely, in the ARE-B30 cells, the basal Fst
expression level was higher than that in the G5, and was enhancedproﬁle during ameloblast differentiation in vivo. Black arrows indicate the stages during
rrows indicate predicted mRNA expression based on data from protein expression levels
orresponding black arrow. IEE, inner enamel epithelium; PA, pre-ameloblast. (B) Gene
) Gene expression was analyzed by RT-PCR. Representative data was shown. Epithelial
dicate the number of days of culture. (), negative control; (þ), positive control. (b)
hout mutation; Sp6AMI, Sp6 with mutation. (c) Relative expression levels of Cdh1. Black
on of regulatory molecules (Bmp2 and Fst) in G5 and ARE-B30 cells. (a) Gene expression
t. All symbols and abbreviations are the same as indicated in panel B. Asterisks indicate
Daggers indicate signiﬁcant differences between plastic culture and collagen, separated,
sion levels of the stage-speciﬁc markers of ameloblasts (Ngfr,Mmp20, Klk4, and Amtn) in
ive levels of Ngfr (b), Mmp20 (c), Klk4 (d), and Amtn (e), respectively. All symbols and
s between day 1 and days 3, 7, 14 in each culture system. p-value: * <0.05; ** <0.01; ***
FIG. 2. (continued).
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VOL. 125, 2018 IN VITRO MODELING OF AMELOGENESIS 485by day 1; thereafter, a decreasing tendency in the expression levels
was observed in all culture systems (Fig. 2C, right panels). All cul-
ture systems presented with clear reciprocal proﬁles of Bmp2 and
Fst expression in the G5, but not ARE-B30 cells.
To further understand the cellular characteristics of G5 and ARE-
B30, we examined the stage-speciﬁc markers of ameloblasts,
including nerve growth factor receptor (Ngfr), Mmp20, Klk4, and
Amtn. As shown in Fig. 2A,Ngfr is expressed at the initiation stage of
ameloblast differentiation (36,37), Mmp20 is expressed at the
secretory stage, and Klk4 and Amtn are expressed during the tran-
sition to maturation stages of amelogenesis, respectively (12,13).
Strikingly, the G5 cells expressed Amtn, Klk4, and Amtn, but not
Mmp20 (Fig. 2D, left panels) in the present study, whereas ARE-
B30 cells expressed none of these markers in both 2D and 3D cul-
ture systems (Fig. 2D, right panels).
The initiation stage marker, Ngfr was stably expressed in the G5
cells in all culture systems. On the other hand, the expression pat-
terns of the maturation stage markers were quite different. Klk4
expression levels at each time pointwere varied in the plastic culture
when compared to that in the collagen. In the 3D culture systems,
Klk4 expressionwas signiﬁcantly enhanced by day 7, andmaintained
at that level until day 14. Interestingly, the expression pattern of
Amtn, another late stagemarker,wasdifferent fromthatofKlk4.Amtn
expressionwas signiﬁcantly enhanced, in a time-dependentmanner,
in the 2D and 3D culture systems. Collagen culture demonstrated a
slight enhancement in the expression levels of Amtn, whereas the
mixed culture presentedwith a relatively suppressive pattern. These
ﬁndings clearly demonstrated the differential responses of the G5
and ARE-B30 cells to the distinct culture systems.
Effect of cell density on the expression levels of ameloblast
differentiation markers in G5 cells According to the expres-
sion proﬁles, we found three characteristics of Amtn expression.
First, Amtn was expressed in G5, but not in the ARE-B30 cells.
Second, the expression demonstrated a tendency for enhancement
in a time-dependent manner. Third, the regulation of Amtn
expression was not affected in any of the culture conditions.
These features suggested that Amtn expression might be
regulated by cellecell contact in the G5 cells. To examine this
possibility, four different cell-densities of G5 were seeded on the
plastic dish and Amtn expression was analyzed after culturing for
the indicated time points (Fig. 3). Klk4 expression was analyzed in
parallel because of its similarity to Amtn as a stage marker in vivo.
As shown in Fig. 3A, the G5 cells were seeded on 35 mm plastic
dishes at concentrations of 3104,1105, 3105, and 1106 cells
per dish, corresponding to the cellular conﬂuency at 3%, 10%, 30%
and 100%, respectively, at day 1. Amtn expressionwas enhanced in a
density- and time-dependent manner from day 1 to day 5. In
contrast, Klk4 expressionwas weakly but distinctly enhanced under
the different culturing conditions (Fig. 3B). These ﬁndings suggest
that the intensity of the cellecell contact may play a role in regu-
lating Amtn and Klk4 expression.
DISCUSSION
In this study, we applied the in vitro 2D and 3D culture systems to
analyze defective amelogenesis in vivo by comparing two dental
epithelial cell types, wild-type G5 versus AMI-derived ARE-B30.
Phenotypic screening using these systems identiﬁed stage-speciﬁc
defects in amelogenesis by demonstrating aberrant gene responsive-
ness in the ARE-B30 cells. Furthermore, these defects were well
correlated with in vivo AI phenotypes in the AMI rat (17). Fig. 4 sum-
marizes the gene proﬁles observed in the in vitro culture systems, in
parallel with the schematic representation of amelogenesis in vivo.
The 3D culture system was designed to mimic the initiation
stage of amelogenesis, wherein the dental epithelial andmesenchymal cells are separated by a basement membrane (Fig. 4,
in vivo part) (8). The plastic 2D culture cannot provide a collagen
matrix or mesenchymal effects, thereby resembling the maturation
stage of amelogenesis. During this stage, in vivo, the dental
epithelial cells (ameloblasts) are positioned at a distance from the
mesenchymal cells (odontoblasts), separated by the self-secreted
proteins and partly mineralized tissue (8). Therefore, ameloblasts
are attached to the hard surface and potentially stimulated in
several ways, including the autocrine and paracrine pathways,
cellecell interaction, and cellular junctional communication
through ion exchange (38e40).
In the present study, we found that G5 and ARE-B30 cells stably
expressed Cdh1 and Sp6 in all culture systems, conﬁrming the
epithelial identity of both cells, although the gene status of Sp6 is
different between cell types (Fig. 4, in vitro part). Despite the shared
epithelial identity, differences in gene regulation between G5 and
ARE-B30 cells were clearly visible in the 2D and 3D culture systems.
Reciprocal expression of Bmp2 and Fst was observed in the G5
cells, in consistent with those in the IEE in vivo (8,35). In contrast,
a decreased tendency in the expression levels of both these genes
was observed in the ARE-B30 cells. Notably, ARE-B30 cells pre-
sented with higher Fst expression levels when compared with G5
cells in all culture systems. Wang et al. (35) reported that dental
epithelial cells with high Fst expression during the initiation stage
do not differentiate into ameloblasts, resulting in the production
of enamel free areas. In addition, the basal levels of both Bmp2 and
Fst expression were enhanced by collagen culture in the G5 and
ARE-B30 cells in the present study. Collagen type I membrane was
used as a replacement for the matrix in the basement membrane
in vivo, which mainly contains collagen type IV during the initia-
tion stage (9). Both types of collagen containing the RGD sequence
can bind to the integrin a/b dimer on the epithelial surface (41)
and transmit signals by interacting with second messengers,
such as tyrosine kinases (FAK, Fyn, and ILK), cytoskeletal proteins,
MAP kinases, Rho kinase, and PKB/Akt, in the cytoplasmic region,
in order to regulate cell shape and polarity, proliferation, differ-
entiation, and apoptosis (42). Nevertheless, further studies are
required to understand the molecular basis for the up-regulation
in Bmp2 and Fst expression by collagen type I. Interestingly, Ngfr,
another IEE marker (36), was expressed at a constant level in the
G5 cells, but not in the ARE-B30 cells. Mmp20, a marker of the pre-
ameloblast to secretory stages (12), was not detected in either of
the cell types.
These ﬁndings indicate that ARE-B30, along with mutated Sp6,
might not be committed to ameloblast lineage cells. The intact Sp6
protein function may be required for the cell fate decision of the
dental epithelia during the early initiation stage. Sp6 protein
expression in the tooth has been reported by two groups using
different systems of immunohistochemical analyses. Our group
used rat incisor-sections to detect Sp6 protein during the pre-
ameloblast to the maturation stages using a peptide antibody
designed for the C-terminus of the rat Sp6 (27). The other group
analyzed Sp6 expression in the inner dental epithelial layer and
secondary enamel knots of mouse molars using a peptide antibody
against the N-terminus of the Sp6 (20). The discrepancy in Sp6
detectability between the two reports might be attributed to dif-
ferences in the species used, the portion of the peptide sequences
utilized as antigen, the sensitivity and/or afﬁnity of the antibodies,
and the procedure used for antigen retrieval. Consequently, the
activity of the Sp6 protein during the initiation stage remains to be
conﬁrmed.
Amtn and Klk4 are expressed during the transition to the
maturation stages (8,9), and are known as AI-causative genes
(5,43). In the present study, Amtn and Klk4 were detected only in
the G5, but not in the ARE-B30 cells. Intriguingly, careful observa-
tion revealed that the regulation of Amtnwas slightly different from
FIG. 3. Effects of cell density on Amtn and Klk4 expression in G5 cells. (A) Experimental design and cell morphology. G5 were seeded in various conﬂuencies (3%, 10%, 30%, and 100%)
on each plastic dish. RNA was isolated from the cells at day 1, 3, and 5. Bars indicate 1 mm. (B) Amtn and Klk4 expression in G5 cells. (a) RT-PCR analysis. (), negative control; (þ),
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FIG. 4. Summary of phenotypic screening using the 2D and 3D culture systems. Scheme of amelogenesis in vivo supplemented with dental mesenchyme. IEE, inner enamel
epithelium; PA, pre-ameloblast; S, secretory stage; M, maturation stage. DE, dental epithelial cell; BM, basement membrane; DM, dental mesenchymal cell. Diagram representing
summary of stage-speciﬁc marker expression in G5 and ARE-B30 cells using the in vitro culture systems. Black arrows indicate up-regulated and down-regulated gene expressions.
Regulators in stage-speciﬁc gene expression.
FIG. 5. Diagram illustrating working hypothesis for Sp6 regulation in amelogenesis.
Sp6AMI cannot enter the dental epithelial cell lineage due to loss of cell fate deter-
mination. DE, dental epithelial cell; IEE, inner enamel epithelium; PA, pre-ameloblast;
S, secretory stage; M, maturation stage.
VOL. 125, 2018 IN VITRO MODELING OF AMELOGENESIS 487that of Klk4. Firstly, Amtn expression was enhanced in a time-
dependent manner in all the G5 cultures. More importantly, this
enhancement was not altered by collagen or mesenchymal regu-
lation, suggesting that the homocytic, cellecell contact dependentpositive control. (b) Graphs demonstrate the relative expression levels obtained by densitom
n ¼ 3. Asterisks (*) indicate signiﬁcant differences between the 3% and the 10%, 30%, and 10
10%; black bars, 30%; vertical lined bars, 100% conﬂuency at day 1, respectively.signaling mechanism plays a role in Amtn regulation. The impor-
tance of epithelial cellecell contact during ameloblast differentia-
tion has been reported in other in vitro culture systems (44).
Kawano et al. (44) demonstrated the induction of the secretory
stage markers Amel and Ambn using conﬂuent HAT-7 cells, a dental
epithelial cell line derived from the cervical loop of the rat incisor.
They also detected a molecular link between cell density and
Notch1 and Jagged1 expression (44). Furthermore, the mixed cul-
ture in the 3D culture system demonstrated relatively reduced
levels of Amtn expression in the G5 cells, which may be attributed
to the dilution of the positive factor(s) secreted by these cells or the
effect of inhibitory molecule(s) secreted by RPC-C2A. Klk4 expres-
sion was maintained in the 2D culture systems, and enhanced in
both the 3D culture systems with RPC-C2A in the G5 cells, sug-
gesting that Klk4 expression can be controlled by paracrine effect
via mesenchymal factors. The differences in Amtn and Klk4
expression indicate the speciﬁcities of gene regulation, although
the speciﬁc signals involved remain unclear. TGF-beta, a Klk4
regulator expressed in ameloblasts during amelogenesis, regulates
both Klk4 and Mmp20 expression in an autocrine or paracrine
manner (14). Mmp20 is expressed during the pre-ameloblast and
secretory stages of the ameloblasts; however, the expression levels
are lowered after the transition stage (35,45). Interestingly, in the
present study, Mmp20 expression was not detected in the G5 and
ARE-B30 cells, suggesting that the culture conditions used in thisetric analysis. The levels were normalized to the positive control and then to 18S rRNA.
0% cell conﬂuencies. p-value: * <0.05; ** <0.01; *** <0.001. Gray bars, 3%; white bars,
488 ARINAWATI ET AL. J. BIOSCI. BIOENG.,study could not induce the regulatory signal(s) critical for Mmp20
expression.
The loss of Amtn and Klk4 expression in ARE-B30 cells suggests
that normal Sp6 function may be required for cell fate decision and
for the regulation of the expression of both these genes. We have
previously reported that Amtn expression is down-regulated
following Sp6-knockdown in the Sp6-stable-transformant C9 cells
(25). Furthermore, Amtn is thought to play a role in cellematrix
adhesion and nucleation during mineralization (7,46), which is
consistent with the varied cellular structure in the AMI rat: the
ameloblasts are histologically disorganized and non-polarized,
resulting in perturbed amelogenesis with hypo-mineralization of
the enamel (17). Furthermore, using database analysis we have
identiﬁed that the predicted promoter sequences of Amtn and Klk4
contain GC sequences and several potential Sp1 binding sites (data
not shown). These results suggested that both Amtn and Klk4 could
be controlled by the transcription factor Sp6.
The current study presents our working hypothesis on the dual
roles of Sp6 in amelogenesis (Fig. 5), cell fate determination during
the early stage, and control of enamel maturation during the late
stage in conjunction with homocytic epithelial cellular regulation.
We hypothesized that Sp6-directed ameloblast differentiation en-
hances the ability to control mineralization of the enamel via Amtn
and Klk4 expression, and completes the maturation stage. In
contrast, Sp6AMI cannot induce the cells to enter the dental
epithelial cell lineage, as shown by the aberrant expression of Bmp2
and Fst, without the expression of additional differentiation
markers in the ARE-B30 cells. Further studies are challenged to
evaluate and prove this hypothesis.
In conclusion, comparative usage of 2D and 3D culture systems
is useful and convenient to distinguish the phenotypic differences
between AI-derived ARE-B30 and control G5 cells, and to analyze
the causative mechanisms of gene regulation. Based on the ﬁndings
of this study, we propose dual roles of Sp6 in amelogenesis. Our 2D
and 3D culture systems provide a simple platform, in vitro, to un-
derstand the precise molecular mechanisms of defective amelo-
genesis caused by mutation of Sp6 in vivo.ACKNOWLEDGMENTS
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